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Demands to increase the safety and reliability of the modern nuclear reactors are 
constantly being made. Typical demands include the increases the thermal 
performance of the passive heat removal system PHRS by removing larger amounts of 
energy and applied a technique that leads to reduce size and weight of the PHRS unit. 
This article presents an experimental investigation on the natural convection based on 
alternative cooling approach using water mist. The results obtained from the related 
experimental work indicated that the heat transfer rate was enhanced over that for 
the airflow as a result of water mist evaporation on the surface of the tubes. The Nu 
number increases by about 148%, 144%, and 128% respectively for all tube rows 
compared with airflow. The experimental results of the thermal performance factor 
values obtained by suspended water mist were correlated as functions of Rayleigh 
number (Ra) and Weber number (We). Subsequently, the predicted thermal 
performance factor from the correlation was plotted to compare with the 
experimental data. It was found that the thermal performance factor was within ±11%. 
Keywords:  
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1. Introduction 
 
After Fukushima Daiichi disaster, the passive heat removal system PHRS become very important 
in nuclear power plants NPPs to improve the safety and reliability of the nuclear reactors. The PHRS 
is aimed to protect the primary circuit by removing the decay heat from the reactor core in an 
emergency shutdown or blackout conditions [1]. In the Water-Water Energetic Reactor-WWER or 
VVER design, the PHRS system comprises of four independent coolant circuits, each one involves heat 
exchange modules, air gates, steam pipelines and air ducts to supply the ambient air and bleed the 
heated air as shown in Figure 1. In normal operation conditions of NPPs, the air gates are closed and 
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PHRS circuits are in a standby mode. During NPPs blackout condition, the steam that is generated in 
the steam generator (SG) due to the released heat from the reactor core condenses and subtracts its 
heat to the ambient air by the PHRS system [2]. The heat dissipation from the outer surface of the 
PHRS to surrounding air based on natural forces, such as gravity and buoyancy induced-natural 
circulation without any external power. Unfavorable several ambient factors such as air temperature, 
solar radiation, crosswind, rain, and snow can indeed be affected on the PHRS operation mechanism 
[3]. In hot-arid or subtropical climates regions such as Iran, Bangladesh, Egypt, Saudi Arabia, etc, with 
high ambient temperature (Up to 45°C in summer) have an additional challenge when designing the 
PHRS modules. A coupled thermal and hydraulic geometrical calculation of PHRS for several 
boundary conditions and geometrical combinations with reference to station blackout scenario was 
performed by [4]. They highlighted that the rejectable heat amount of PHRS decreased by 2-3 kW 
with 1-kelvin increases in ambient temperature. They also found that the PHRS performance 
significantly depends on the system elevation and the rejected heat does not influenced by the length 
of pipe in horizontal segments. The removal heat from PHRS is essential to increase the safety and 
reliability of the nuclear reactors and avoid the accidents after reactor shutdown. Therefore, 
enhancing the PHRS system is of great importance. So, increasing the heat transfer area can be used 
to improve the heat transfer rate between the PHRS surface and the surrounding medium in the form 
of grooves, ribs, and extended surfaces attached to surfaces [5-6]. Thermal-hydraulic computations 
of PHRS have been derived in the case of the finned tube structure by [7]. The effects of several 
parameters such as total fin number, fin radius, and fin thickness were examined. The computation 
results gave an idea about the geometrical specifications and capacity of PHRS of VVERs. The essential 
fin parameter was the fin radius and required tube length decreases as the fin radius increases. 
Another important parameter is the fin thickness. They pointed out that fin thickness must be thin 
to avoid the pressure drop impact that ultimately reduces the PHRS heat transfer performance. In 
another studies [8-12], the heat transfer and hydraulic resistance of helical fins on the internal 
surface of tubes have been investigated experimentally and numerically under a wide range of 
operating parameters. All these heat transfer enhancement methods have provided a great 
augmentation in PHRS performance, but the ambient temperature still plays an important role 
especially in the hot summer days. Accordingly, advanced cooling technologies are needed to meet 
the operating conditions and developing more compact and efficient PHRS that are still working at 
high ambient air temperature. 
 
 
Fig. 1. The simplest diagram of PHRS 
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In this study, a water droplet cooling technique or (water mist cooling technique) were developed 
by suspending fine water droplets into the working fluid. The water mist techniques, not a new 
cooling concept and has been successfully applied in many industrial applications [13–18]. Utilizing 
water mist as a cooling medium provides excellent cooling approaches to dissipate heat even larger 
than the single-phase air cooling approaches. 
So, our objective in this study is to experimentally investigating the natural convection heat 
transfer enhancement of a staggered horizontal tube bundle using an alternative cooling approach 
by water mist, which takes advantage of the substantial latent heat of water evaporation. In this 
regard, the influence of Ra number and the water mist rate on heat transfer characteristics were 
verified.  
 
2. Experimental Apparatus  
 
An experimental apparatus has been constructed to simulate the PHRS and investigate the water 
mist effect on natural convection heat transfer characteristics. The experimental apparatus is an 
open-loop system and it mainly consists of an isolated channel having a rectangle cross-section of 
117 x 55 mm is set vertically, tube bundle, heating element, data acquisition system and water mist 
system. A schematic layout and photographic view of the experimental apparatus is shown in Figures 
2 and 3. The staggered tube bundle consists of three rows of tubes of 14mm outside diameter and 
55 mm length. The test tube was constructed from a copper rod and each one was heated internally 
by using A.C. cartridge heater with 100W maximum power.  
 
 
Fig. 2. Schematic diagram of the experimental apparatus 
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Fig. 3. Photographic views of the experimental apparatus 
 
A variac voltage regulator was used to control the heater input power and achieve the heat flux 
required. To boost the thermal conductance between the tubes and the A.C cartridge heater, high 
thermal conductivity material was applied. The pitches of the tube bundle were chosen to be 2.14 
and 2.85 of tube diameter in the transverse and longitudinal directions. To measure the surface 
temperature, Eight k-type thermocouples are implanted on the backside of the tubes with 180° from 
the forward stagnation point. In addition, the inlet and outlet air temperatures were also measured. 
All thermocouples are connected to a data acquisition system that consists of a signal input module 
with a data logging system. Water mists with micro-sized (2–10μm) were suspending in the air by an 
ultrasonic mist generator comprises of a piezoelectric atomizing transducer that generates a high-
frequency oscillation of 1.7MHz, and sprays the water away from the water surface to produce a 
natural floating water mist without any heating or mechanical agent. Due to the low energy needed 
and a very quiet operation condition compared to other mist and evaporative generators, this type 
of mist generator was selected.  
 
3. Methodology  
3.1 Data Processing and Method of Calculation 
 
This study examined experimentally the influence of water mist rate on the natural heat transfer 
enhancement. In view of this, fine water droplets were suspended in the inlet air and the air/water 
mist was obtained as a working medium. Based on the capillary wave theory, the increases of the 
ultrasonic wave’s frequency lead to decreases the capillary wavelength; thus, the finer mist is 
generated at higher frequencies. Lang [19] proposed an equation to obtain the count median 
diameter (CMD) of the generated water mist depends on the ultrasonic frequency as Eq. (1) 
 
𝑑𝑝 = 0.34 (
8𝜋𝜎
𝜌𝑓2
)
1
3
              (1) 
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where σ - the surface tension coefficient, and f- the working frequency of the ultrasonic mist 
generator. When analyzing the interaction between the water mist flow and heated surface, it is 
usually considered an equation in the form of total heat carried by the mixture and water mist 
evaporation rate [20]. 
 
𝑞 = 𝛼𝑘 ⋅ 𝑆 ⋅ (𝑇𝑠 − 𝑇∞) + 𝑟 ⋅ 𝑛 ⋅ 𝛽/𝛼𝑘 ⋅ (𝑥𝑠 − 𝑥𝑠𝑎𝑡.)          (2) 
 
where αk - the water mist heat transfer coefficient, S- surface area, Ts – T∞ -surface temperature and 
fluid temperature, r - the latent heat of evaporation, β- mass transfer coefficient, Xs –Xsat.-moisture 
content of saturated air by temperature Ts – T∞. According to Lewis number, Eq. (2) can be written 
as 
 
𝑞 = 𝛼𝑘 ⋅ 𝑆 ⋅ (𝑇𝑠 − 𝑇∞) +
𝑟
𝐶𝑝
⋅ 𝑛 ⋅ (𝑥𝑠 − 𝑥𝑠𝑎𝑡.)          (3) 
 
With a high water mist rate, the water mist can partially settle on the tube surface without 
evaporation in the boundary layer. Taking into account the heating of the water mist settling in the 
form of separate droplets or a water film to the surface temperature, the resulting heat flux from the 
cooled surface can be defined as 
 
𝑞 = 𝛼𝑘(𝑇𝑠 − 𝑇∞) + 𝑗[𝑟 + 𝐶𝑝,𝑤(𝑇𝑠 − 𝑇∞)] ⋅ 𝑛          (4) 
 
The corresponding heat transfer coefficient can be defined as 
 
𝛼 =
𝑞
(𝑇𝑠−𝑇∞)
= 𝛼𝑘 + 𝛼𝑟 [1 +
𝐶𝑝,𝑤(𝑇𝑠−𝑇∞)
𝑟
] . 𝑛           (5) 
 
𝛼𝑟 =
𝑗⋅𝑟
(𝑇𝑠−𝑇∞)
               (6) 
 
Herein, j – is the water mist rate, calculated as follow 
 
𝑗=G/Sch               (7) 
 
where G – mass of water mist per unit time, S –channel area. The relative mass of water mist reaching 
to the surface of the tubes can be estimated as 
 
𝑛𝑖 = [1 − (
𝛼𝑗
𝛼𝑘
)
−1
] ⋅
𝑞
0.5⋅𝑗𝑟[1+
𝐶𝑝(𝑇𝑠−𝑇∞)
𝑗𝑟
]
           (8) 
 
The Rayleigh number (Ra) can be determined as follow 
 
𝑅𝑎 = 𝐺𝑟 ⋅ 𝑃𝑟              (9) 
 
𝑅𝑎 =
𝛥𝑇⋅𝜌2⋅𝑔⋅𝛽⋅𝑑𝑠𝑝
3
𝜇2
⋅
𝜇⋅𝑐𝑝
𝑘
; 𝛽 = −
1
𝜌∞
(
𝜕𝜌
𝜕𝑇
)
𝑝
                     (10) 
 
The Nusselt number is defined as Eq. (11) 
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𝑁𝑢 =
𝛼𝑑𝑡𝑢𝑏.
𝑘
                         (11) 
 
The Weber number is defined as Eq. (12) 
 
𝑊𝑒 =
1
𝑁
∑
𝑗2𝑑𝑝
2𝜌𝑤𝜎
𝑁
𝑖                         (12) 
 
In general, the following procedure was followed for carrying out this study: firstly the A.C. 
cartridge heater was switched on and the input power was adjusted to achieve the heat flux required. 
Then, the experimental apparatus was left for 120-150 minutes to achieving a steady-state condition 
and every 10 min, the thermocouple reading was recorded by means of digital thermometer. Finally, 
after reaching the steady-state condition, the tubes temperature, inlet and outlet fluid temperatures 
are measured. In the same conditions, the tube bundle was exposed to air/water mist and the 
temperature of the tubes were measured every 5 minutes until the thermocouples reading remain 
constant, a final reading was recorded. For next heat flux and the same water mist rate, the heater 
input power could be increased to cover another run. A subsequent run for other water mist rate 
was performed in the same previous procedure. 
 
3.2 Error Analysis and Uncertainty  
  
According to the Moffat and Kline [21,22], the uncertainty analyses of the experimental results 
are performed by computing the error associated with the measured variables and estimating its 
effect on the final uncertainty value. The maximum uncertainty in the parameters Nu, Ra are 5 % and 
5.42% respectively. 
 
(
𝛥𝑁𝑢
𝑁𝑢
)
2
=
1
𝑁𝑢
[(
𝜕
𝜕𝛼
(𝑁𝑢)𝛥𝛼)
2
+ (
𝜕
𝜕𝑑𝑠
(𝑁𝑢)𝛥𝑑𝑠)
2
+ (
𝜕
𝜕𝑘𝑠
(𝑁𝑢)𝛥𝑘𝑠)
2
]                 (13) 
 
(
𝛥𝑅𝑎
𝑅𝑎
)
2
=
1
𝑅𝑎
[(
𝜕
𝜕𝛥𝑡
(𝑅𝑎)𝛥𝑡)
2
+ (
𝜕
𝜕𝜌
(𝑅𝑎)𝛥𝜌)
2
+ (
𝜕
𝜕𝜇
(𝑅𝑎)𝛥𝜇)
2
+ (
𝜕
𝜕𝑑
(𝑅𝑎)𝛥𝑑)
2
]               (14) 
 
4. Results and Discussion  
 
An experimental investigation on natural convection from a staggered arranged tube bundle has 
been conducted in air as well as water mist. Initially, the tube bundle is at a uniform heat flux and the 
fluid is in steady-state motion due to natural convection. The effect of water mass rate on the heat 
transfer enhancement has been investigated for (j=20.48 – 97.85 kg m-2 hr-1) while the Rayleigh 
number varies from (Ra = 18·102 ~ 12·103) to cover a wide range of the flow. Close to each tube, there 
is a thin boundary layer in which the fluid temperature changes from the maximum temperature at 
the surface of the tube (Ts) to the fluid temperature (T∞). The heat transfer rate between the tube 
and the fluid is defined by the steady-state natural convection and the physical properties of the fluid 
are assumed to be constant. Figure 4 depicts the Nusselt number averaged for each row of tubes 
bundle over natural airflow. The average Nusselt number significantly increases as the Ra number 
increases as expected. From this figure, it is observed that the Nusselt number of the first row is the 
highest among the second and third rows for all range of Ra number. This can be elucidated that the 
flow first touches the first row, and then the second and third rows in the upper direction, the cooling 
process of second and third rows can be achieved by the hot air bleed from the first one.  
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Fig. 4. Variations of Nusselt number with Rayleigh 
number for various tubes row 
 
When the tube bundle exposed to water mist flow, the effect of water mist evaporation on/near 
the surface of the tubes appeared and can be observed that the heat transfer rate in the terms of Nu 
number increases as water mist rate increases for constant heat flux as shown in Figure 5. These 
indicated that the suspended water mist is an effective working fluid for thermal control and heat 
dissipation of heated surfaces. Also, it can be observed that the Nu number increases to a maximum 
value for all rows under a range of water mass rate and then decreases on increasing Ra number. 
These could be associated with the increase of the temperature difference due to water film formed 
on the large part of the tube’s surface and posing an increased thermal resistance. 
Therefore, the maximum Nu number may occur at a certain ΔT. The Nu number increases by 
about 148%, 144%, and 128% respectively under (j= 97.85 kg m-2 hr-1) for all tube rows compared 
with single-phase airflow. The heat transfer enhancement mechanism by water mist may include 
three leading physical process: water mist evaporation on the tubes surface (wet region), convective 
heat transfer (dry region), and reduce the air temperature from dry bulb to wet bulb temperature. 
The obtained experimental results provided a possibility to estimate the relative mass of water mist 
reaching to the surface of the tubes before they evaporate in the boundary layer.  
Figures 6 depicted the ratio of the effective wet area to the total heat transfer area of the tube 
as a function of water mist rate supply per unit area of the channel. It can be seen that the relative 
mass of water mist increases as the water mist rate increases. Conversely, the relative mass of water 
mist decreases as the temperature difference ΔT increases. At a low water mist rate (j= 20.48 kg m-2 
hr-1), the relative mass of water mist is less than 2%, and the corresponding values of the Nu virtually 
identical for Nu of airflow as a result of water mist evaporating before reaching to the heated tubes 
as can be seen from Figure. 5. The main amount of water mist settled on the first row, which justifies 
the large Nu number values in comparison with the subsequent rows. The last third row almost 
cooled by the vapor-air flow with a minimum content of water mist as shown in Figure 7. The ratio 
of the Nu number measured of tubes exposed to water mist (Num) to that when water mist was not 
suspended (Nu0) at the same conditions can be defined as the thermal performance factor. Figure 8 
depicts the variation of thermal performance factor with Ra number for a range of water mist rate.  
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Fig. 5. Variations of Nusselt number with Rayleigh number for various water mist rate 
 
 
Fig. 6. Variations of the relative mass of water mist settling 
on the tubes surface with water mist rate 
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Fig. 7. Variations of the relative mass of water mist settling 
on the tubes surface as a function of tubes row number 
 
 
 
Fig. 8. Variations of thermal performance factor with Ra number for various water mist rate 
 
It is seen that the thermal performance factor tends to increase with increasing water mist rate 
for all the rows depending on Ra values. The maximum performance factor of about 270% is achieved 
for the first row with under (j= 97.85 kg m-2 hr-1) and is higher than the other water mist rate around 
30–120%. Meanwhile, the maximum performance factor for the second and third rows about 260% 
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and 245% is achieved with (j= 97.85 kg m-2 hr-1). In the present work, the experimental results of the 
performance factor values obtained by suspended water mist were correlated as functions of 
dimensionless Rayleigh number (Ra) and Weber number (We) using the least-squares approximation 
method as given in Eq. (15). Where the coefficient C = 1.95; 1.91 and 1.85·107 - for the first, second 
and third tubes bundle. These empirical correlations of performance factor are valid for all range of 
water mist rates and (Ra = 18·102 ~ 12·103) with absolute deviations between the experimental and 
predictions data are 11%. as shown in Figure 9. 
 
𝑁𝑢𝑚
𝑁𝑢0
= 1 + 𝐶𝑅𝑎−0.79𝑊𝑒0.67                       (15) 
 
 
Fig. 9. Comparison between predicted and experimental 
thermal performance factor 
 
4. Conclusions 
 
In this study, the water mist was suspended into the air and their effect on the natural convection 
heat transfer performance of the tube bundle was investigated experimentally. The attention was 
focused on the micro-sized and low rates of water mist (j=20.48 – 97.85 kg m-2 hr-1). The main 
conclusions based on the experimental results can be summarized as follow. The air/water mist 
cooling is an effective technique to remove a great deal of heat from PHRS and the heat transfer rate 
could be increased significantly, the Nu number increases by about 148%, 144%, and 128% 
respectively for all tubes row compared with single-phase airflow under (j= 97.85 kg m-2 hr-1). The 
thermal performance increased significantly by suspending water mist, the present experimental 
results show up to 270% of thermal enhancement for all tubes row under a range of water mist rate. 
The empirical formula is derived, which correlates the performance factor as functions of 
dimensionless Rayleigh number (Ra) and Weber number (We). 
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